Eakdl
-

TECENICAL HEMORANDULS
NATIONAL ADVISORY COMMITTEX FOR AERONAUTICS

No. 642

FPLUTTER IN PROPELLER BLADES

By Friedrich Seewald

1, Zietschrift fir Plugtechnik und Motorluftschiffahrt
S Yol, 22, Xo. 12, Junﬁ 29, 1931
Verlag von R. Oldendbourg, MHunchen und Berlin

~ THIS DOCUMENT O LOAN FROM THE JLES OF

L NATIBNAL ADVISORY COMMITTEE FOR AERONA'NNG
= LANGLEY MEMORIAL ACRONAUY:CAL LARSRATORY
' LANGLEY FIELD, HAMPTON, VIRCINIA .

RETURN TO THf »BOYT - oKt

C e

REQUESTS FOR PUBLLAT OHS SHOULD BE ADURESIED
, f AS FOLLOWS:

A L NATIONAL FDV'SORY COMMITTEE FOR ACRENALTIOS
. 1724 ¢ STREET, N.W,
L WASHINTTON -, 1 e,

Washington
October, 1931






NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

-TECHNICAL MEMORANDUM'NO. 642

FLUTTER 1N PROPELLER BLADES*

By Frfedriéh Seewald

For several years the problem of flutter in propeller
blades has grown increasingly important, due to the in-
creasing number of propeller breaks which could not be sat-
isfactorily explained. ZEven after it was decided that the
excessive 'stressing was produced by vibrations, this d4id
not help much, so long as no means was found to prevent
the vibrations., No general solution of this problem has
yet been found. A beginning has been made, however, and I
will now cndeavor to set forth the present status of the
problem,**

Since tihe phenomena of flutter in propeller blades
have not hitherto been susceptidle of accurate experimen-
tal determination, sufficient data are not yet available
to determine the nature and still less the cause of the
vibrations, All that can be done is to consider what kinds
of vibration are possible and what causes might produce
them, There are two fundamentally different possibilities,
namely:

l, Combined vibrations of the blade, similar to those
of wings, which develop Dby absorbing energy from the air
stream and converting it into vibrations without the aid of
any periodic external disturbance.

2. Forced vibrations, which are produced in every
structure by periodically variable impulses., Such vibra-
tions are especially dangerous, when the disturbing im-
pulses, which cause them, have a frequency equal or nearly
equal to the natural fregquency of the system., - )

*"Jeber die Schw1ngungserschelnunﬂen an Luftschrauben,
From Zeitschrift fur Flugtechnik und Motorluftschlffahrt
June 29, 1931, pp. 369-374.

**An exhaustive presentation of some of the gquestions under
consideration has already been published., See F, Liebers,
"Resonanzschwingungen von Luftschrauben." 182 D.V.L. Re-
port in Luftfahrtforschung, 1930, pp. 137-152, and D.V,L.:
(Deutsche Versuchsanstalt fur Luftfahrt) Yearoook 1930, -
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1, Combined Torsional and Bending Vidbrations

We are of the opinion that the first-named kind of vi-
bration does not affect propellers as now made, and I will
briefly explain the reason., We:will first refer to the
result of an investigation by Birnbaum, which indicates
that, in propeller-blade vibrations, energy is transferred
from tho air stream to the vibrations only when it has two
degrees of frecdom, torsional and bending, According to
Birnbaum, neither a purely torsional nor a purely bending
vibration can be increased by the aerodynamic forces, dbut
combined vibrations having both torsional and bending com-
ponents -probably can be,

The nature of such combined vibrations in a wing has
beon explained in previous reports,* and is fundamentally
ag follows, When a wing, which is rigidly secured at one
end, is subjected to impacts, a vibration in two compo-
nents is usually developed,. namely, that of bending, in
which the individual profiles move perpendicularly to the
wing chord, and torsion about the longitudinal axis. There
are also bending vibrations in a plane dpproximately par-
allel to the lower side of the wing, In this plane the
natural -frequency of the wing is so great or (what amounts
to the same thing) the wing is so rigid that the amplitude
of this vibration is very small in comparison with tle
other components. The latter components will be disregard-
ed at the outset, The other two components usually occur
together, ZEven if only one component is present at first,
it soon develops the other.

The fact that one vibration component develops the
other is principally due to the effect of inertia., In or-
der to illustrate this, we will imagine a wing so con-
structed that the spar or spars are replaced by a stesl
tube, on which the individual wing sections rotate without
frietion, In order to obtain torsional rigidity, imagine
those sections connected with the tube by springs, so that
when a section is rotated about the tube, a certain elas-
tic moment is produced. '

We will now imagine the wmass of each section to be so
distributed that its C.G. is in the axis of said tube. If
bending vibrations are then imparted to the tube represent-
ing the spar, there will bo no relative distortion of: the

*H, Blerk and F. Liebers, "Flﬁgelschwingungen von freitra-
genden Eindeckern," 80th D.V.L. report in Luftfahrtfor-
schung, 1928, pp. 1-17 and D.V.L. Yearbook, 1928, pp. 63-79,
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individual sections, but they will ‘share in the elastic
vibration of the tube so as to move back and forth paral-
lel ‘to themselves,

"Suth is not the case, however;, when the C.G. of the
wing section lies outside the spar axis, Imagine the C.G.
to be shifted toward the rear by hanging weights on the
trailing edge. If the spar is then bent and suddenly re-

. leased, the bending vibrations immediately set up torsion-

al vibrations, since the elastic force of the spar does
not. then act on the C.,G, of the section, but produces a
torsional moment due to the lever arm between the C.G, and
the spar axls.f,' B

If the vibration occurs in an air stream, it is af-
fected by the aerodynamic forces, so that the angle of at-
tack varies according to whether the wing moves up or
down and also with tho elastic distortion of the given sec-

:tion. This variation~in the angle of attack affects the
1ift and the torsional moment_of the aerodynami;forcos.

If, due to the aerodynamic and inertia moments, the
elastic distortion of the wing produces a smaller angle of
attack during the downward motion than during the upward

‘motion, it means that every time the wing moves upward the

1ift is increased and every time it moves. downward the 1lift
is decreased, The effect is just the same as if a force
acted on the wing in consonance with the vibrations, there-
by increasing their amplitude. Energy is thus permanently
transmitted to the vibrations and their amplitude increasos
even though the original disturbance is only slight, until
the wing breaks, or until the internal damping absorbs just
as much energy as is added externally, Honce such a vibra-
tion is nover possible when a wing has such a torsional
rigidity that the aerodynamic and inertia moments can pro-
duce only slight torsional angles during the vidbration.

In a propeller the masses are all near the elastic
axis and have their C.G. practically in this axis, so that
the force of inertia can exert no considerable moment.

The chord of the propeller blade is wvery short, so that the
aerodynamic force can act on a short levor arm and produce
only a slight distortion. Only at very large angles of at-
tack can the aerodynamic forces then develop torsional mo-
ments which produce important distortions, It is there-
fore obvious that the conditions for the production of such
vibrations are not present to the same degree as in a wing,
where the distortion is much greater, due to the long lever
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arms of the aocrodynamic &nd inortia forces.

Even small forces and moments may produce vibrations
of grea® amplitude when the vibrations have a freguency
approximgting the natural frecuenCJ.' In a combined vibra-
tion this danger is diminished ‘in proportion to the differ-
ence in the natural frequencies of the two component vi-
“brations, torsional and bending. An exporimeontal investi-
gation of the rigidity of ordinary propeller blades shows

" that the natural freguency of the torsional vibrations is

of another order of magnitude than that of the bending vi-
brations. The disturbing impulses resulting from the
bending vibrations form, to a certain degree, a static
load for the torsion, which changes slowly, sc that the
distortion is proportional to the effective moment. Since
the torsional moments are small, no considerable distor-
tion, which constitutes the preliminary condition for the
developument of combined vibrations, can occur,

Calculation shows that the torsional moments would
nave to be of an entirely different order of magnitude, in
order to cause the variations in the angle of attack, which
constitute the preliminary condition for dynamic instabil-
"ity., FEither the aerodynamic forces and moments (i,e., the
propeller r.p,m,) or the blade chord and, consequently,
the lever arns of the aerodynamic and inertia forces would
have to be counsiderably larger than is now the case, for
such combined vibrations to occur in propellers of normal
" torsional and bending rigidity.

Although the mathematical solution of this problem is
possible only under simplificd assanptions, and hence the
nunerical results of such investigations must be accepted
with caution, the data are, novertheless, sufficiently ac-
curate, since they concern only an approximation of tho or-
der of nmagnitude. .

2. Vibrations with.One Degree of Fresdom

at Large Angles of Attack

This condition obtains only when the propeller blades
are functioning at a normal angle of attack and hence con-
siderably below the angle of maximum 1ift or thrust When
the 1ift on individual sections approaches the maximum,
other conditions are introduced., For example, it is obvi-
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ous -that -simple benrnding vibrations, not combined with any
other component, are possible in this case, When the an-
gle of maximum 1ift is exceeded, the 1ift and the normal
force decreasec as the angle of attack increases. Then the
blade is nmoving downward, an additional nogative 1ift is
gcenerated, a force which exorts an accelerating effcet on
the motion., A corresponding effect is produced dy the un-
ward motion, Hence the bending vidbrations arc accelerated
by the oorodynomic forces boyond thoe angle of maximum 1ift,

"The often-expressed opinion, that such vidbrations ac-
tually occur in propeller blades, is strengthened by the
fact that there are propellers which run smoothly up to
certain angles of attack and then suddenly begin to fluttor
on the least further increase, This explanation must, how-
ever, bc somcwhat amplified, in order to Tring it into har-
mouy with experience.

' If it is assumed that the maximum 1ift is exccceded by
incroasing tho pitch, we then have the conditions for a
sclf-amplifying vidbration at any speed., It would therec-
fore be assumod that the vibrations bvegin with small ampli-
tudes at low revolution speeds and continually increase 'in
anmplitude as the revolution speed increases, Such is not
tae case, however, according to my observations, Up to a
certain revolution speed, the propeller runs just as smooth-
ly at the greater pitch as at the smaller, Adbove this
speed violent vibrations set in., With further increases
in the revolution speed, the vibrations often.grow no
stronger, and if the revolution speed is again reduced, the
vibrations disappear at somewhat lower revolution speeds
than those at which they were first produced. This secms
to indicate torced yilrgkions.

W ,
— If the aerodynamic measurements in static wing tests
could be transferred to this problem, it would also have
to be assumed that the maximum 1ift was considerably ox-
cccded, so that such vidbrations could occur, since the
acrodynamic force and moment vary but slightly in the vi-
cinity of the maximum 1ift, Here the conditions of vibra-
tion arc opproximately the scmo as if the propeller wore
running in a vacuum. In this field, however, therc is con-
siderable uncertainty regording such considerations. Hero
the cffecct of the position and state of motion of the
blade is still groater than at small angles of attack,
Probably the aerodynamic force oand its momeat will behave
otherwise than static tests would lead one to expect. It
is known that in tnis field it makes a difference fron
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whaich direction a given angle oi .attack is approached.

A mathematical deternmination of the 1ift and monont
in terms of the state of motion is XHardly feasible at

‘large angles of attack, The only available resource 1is

the theory of vortex surfaces, This is applicable, how-
ever, only when a small region outside the wing section
(the boundary layer) is affected by the friction, while a
potential flow prevails beyond this region, This condi-
tion no longer exists at large angles of attack. It is
possible that, in the field of large angles of attack, the
variations in the 1ift and in the aerodynamic moment,
caused by the oscillation of & blade, may be such that vi-
brations, howaever startcd, can be further amplified by the
acrodynamic forces.

The whole queostion is closcly connected with the phe~
nomenon of VOrLoOX separation and, in S0 Lar &8 it concerns
the torsional vibration, a direct resonance is conceivabdle
btetween VOTTEx separation and blade vibration. In the in-
TET-T6TTI0N OF Lthe propeiller ar®¥E (up to about half 1ts
radius), where the angle of attack of a propeller blade
with a high pitch, especially when running on the stand,
is vory large (of the order of magnitudo of 450) and wncre
the flow dofinitely separates, a vortox trail must De
formed, whose width is of the order of magnitude.of the
blade chord, A mathematical estimation, according to Kar-
man's rcscarches on vortex trails, shows that for ordinary
propeller blades and revolution speecds, the frequency of
the vortex separation in this inner portion of the blade
is of the same order of magnitude as that of the torsional
vibration.,

On the rest of the propeller, where the flow, even at
high pitches, has not yet separated, the freguency of the
vortex separations is consideradly greater than the natur-
al Trequency of the propeller bpladcse Since, however,
even this part of the propeller functions with rolatively
largo angles of attack at a high pitch, the damping by the
acrodynanic forces is hore very slight, It is possibdle
thaat, cvon under these circumstances, tho cnergy of tho
vortices may suffico to maintain vibrations of finifc am-
plitudo.

Hordly more tham surmiscs can be made, however, reo-
carding the vibration phenomena connected with the angle
of ~ttack, In crder tc solvo these problems, 1t will bo.
ncecessory to investigato flows in which the scctions cre
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moved similarly to what they are in actual vidrations,
3, Effect of Curvature

In the preceding discussion it has been assumed that
the blade axis is straight, for only then is there any
sense in designating the vibration components as bending
and torsional, If the¢ propellér blade and its axis (the
line passing through the C.G, of each blade section) arc
curved, as is generally true in practice, such is no longer
" the casc, Tho terms bending and distortion apply, for a
ourvcd blade, only to a cross soction or to a section of
the blade which is so short in the dlrection of the axis
that it may be considered straight, The tor51on of any
other section produces not only a distortion about its lon
gitudinal axis, but also a displacement which is essnet1a1—
ly parallel, correspondlng to the bendlng. Moreover, a
‘propeller blade is always twisted so that the principal
. axls of inertia has a different dlrection in every cross
section, ZEven with static loading, the mathematical compu-
tation of these influences is troublesonme, and the inves-
tization of the vibration phenomena is very difficult, 1
will say a few words regarding only one case of practical
“interest, so far as it is possible to gain an insight with-
out calculatlo“. Imagine a propeller blade having a pro-
nounccd rake, as was formerly often the case. The rake
is somewhat exagveratod‘in Figuro 1.

If only the blade sectlons near the hubd are regarded
as elastic and the rest of the blade as rigid, then the
rake increases the inertia moment of the elastic sections
about the axis of torsion and therefore reduces the tor-
sional frequency. The frequency of the bending vibrations
also varies according to the torsional weakness of the
blade, because the outer portion of the blade, which was
temporar1ly assumed to be rigid, with every elastic yield-
ing of the inner portions sinultaneously distorts the lat-
ter., Due to this distortion, the outer portiong do not
have the same amplitude as in a straight blade, which
would likewise make a bending oscillation about the clas-
‘tic portion noar the hub, Hdnce the mass would have to be
roduced., The frequency of the bending vibrations wouid
thus be increascd,

In an actual investigation of the problem, all the
sections ‘must, of course, be regarded as elastic, and the
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relations are extremely complicated with respect to any
given camber. It is already recognized, however, that both
frequeoncies approach each other, whereby the highor fre-
quoncy is reduced, thus favoring instability, The often-
expressed opinion that the rake of the blade tips improves
the stability is, therefore, not absolutely correct. Per-

haps the opposite conclusion would come nearer the truth,

In most present-day propellers the axis more closely
approaches a straight line., I would, therefore, like to
assune that the effect of the camber necessitates a slight
correction of the results, but makes no important change
in the goncral principles., Thec possibility of a condition,
which is dynanmically unstable due to the simultaneous ac-
tion of aerodynamic forces and elastic inertia forces,
cannot be definitely denied, howevor, until cambered pro-
pellers have also boon investigatod.

The terms torsional and bending vibrations will also
be used in what follows, oven though not strictly applica-
ble to all shapes of propellers, Thoy are plausible, how-
ever, in spite of this consideration. It is only necessary
to visualize, on the one hand, the vibrations for which
the distortion of the profiles is great in comparison with
the other deformations and, on the other hand, the vibra-
tions for waich the distortion of the profiles is small in
comparison with the parallel displacements of the cross
sections, These forms of vibration can be visualized as
experimentally produced by imparting a vibration with a
rogular frequency to an unbalanced rotating disk, At a
certain rotational speed of the unbalanced disk, the pro-
peller blade suddenly makes large deviations, for which
the component, which is essentially perpendicular to the
pressure side of the blade, overbalances all other defor-
mations. This is designated above as the bending compo-
nent, In a nonrotating conventional propeller, this vi-
bration occurs at about 25 to 40 Hertz.

If the rotational speed, and consequently the freguency
of the impulses, is further increased, thisgs vibration dis-
appears, and strong deflections are generally produced at
150 Hertz and above, due to resonance with another form of
vibration, which causes large angular variations in all
the sections, If we designate these two components as ftor-
sion and bending and introduce the frequencies of both
forms of vibration as experimentally obtaincd in the above
manner, allowance is thus made for the bonding of the axis,
in.so far. as the elastic properties are afchted.
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4, Forced Vibrations

It now remains t6.- investigate the second form of vi-
brations, which are produced by someé periodic external
- disturbance and which are generally called forced vibra-
tions. Since the deflectioms and stresses in such vibra-
~tions are partlcularly large-and dangerous when the period
of excitation is in resonance with the natural vibration,
they are called roesonanco vibratlons. For aircraft propel-
lers the disturblng factors are:

21, Varlatlons in the engine speed;

: 52. Separatlon of vortices from the propeller blades,
producxng periodic fluctuations in the aerodynamlc forces;

3e Periodically varying impact of the blades, due to
lack of uniformity o6f the fleld of flow in the plans of
the proneller dlsk. o
-l The‘p0551b111ty of ‘sétting up vibrations dy the sepa-
ration :of vortices has already been discussed, so far as
i's passible with our still very imperfect knowledge. The
last of 'the .above causes appears to be the most important,
since .the periodically varying forces and moments, produced
by the irrocgular impacts, are much larger than those pPro-
duced bJ thc other dlsturbancos.

For-thls axnd of v1brat10ns, the task is first to de-~
termine the different natural frequencies peculiar to a
given or, projected propeller. The main difficulty con-
sists in the complexity of the propeller blade, The solu-
tion of even the simplest case is very difficult for a
blade with a variable cross section. Moreover, the natur-
al frequency is changed by the centrifugal force which,
in the case of a bend, tends to straighten the blade, ' The
centrifugal force. therefore tends to diminish the natural
frequency.

A method for determining the natural frequency of air-
craft propeller blades is discussed in the above-mentioned
report of 199225, at first with limitation to a straight
propelier axis, His solution confines the natural freguen-
cy between an upper and a lower limit, Since these limits
are very near. together, the natural frequency is thus very
accurately obtained, while avoiding the mathematical dif-
ficulties of a direct solution.
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In determining the uppor limit, use is mado of a prin-
ciple of Rayloigh, which recads as follows: Of all the pos-
sible deformations of a vidbrating system, that one is actu-
ally produced which yields the minimum frequency. If wo
adopt, for oxample, in the investigation of the bending
vibrations of a bar, any lines of bend compatible with the
marginal conditions and calculate the natural fregquency
for ecach line (wheredby, in our case, the centrifugal force
must naturally be takon into comnsideration), the actual
line of bend is most closely approximated by that one of
the assumed lines of bend which has the lowest natural
frequency. Even for this line, however, the natural fre-
quency will generally be too high, unless the correct line
of bend has been accidentally adopted. The deviations are
- small, however, since the minimum natural frequoncy varies
only by small amounts when the line of bend undorgoes
slight changes.

Henco, if the adopted lincs of bend are only approxi-
mately corroct, a closoe approximation is nevertheloss ob-
tained for the natural frequency., This approximation,
which can yicld only “excessive values, can bo casily cal-
culatecd for a bar with any series of cross sections, For
the bending froquencies of ordinary propeller blades, this
is donc in the above-montionod report with the aid of two
characteristic paramoctors of the shape of the blade.

A mothod for dotermining thec lower 1limit of the nat-
ural freguency is detailed in Liebers'! report., Only the
fundamontals of this mothod will be briefly given hers,
with reference to the following theorem first demonstrated
by Southwell, The square of the natural freguency of an
elastic system, subjected to several forces, is always
greater than the sum of the squares of the frequencies,
wnich the system would have, if only one of these forces
were acting at a time, (Lambd and Southwell, Proc. Roye.

- Socey Vol, 99, London, 1921,) An aircraft propeller blade
is first subjected to the elastic forces, Only these are
present when the propeller is not running., The resulting
froquency is casy to detormine experimentally, by subject-
ing tho propeller to impacts and recording and counting

the vibrations, This frequency is designated dy Aje If
we now imagino the elastic forces removed, so that we have,
as it were, a flexible chain or rope of corresponding mass,
we then have only the ceatrifugal force remainings It is
easily demonstrated that such & system has bending vibdbra-
“tions with a frequency equal to the angular velocity w.
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For the true frequency A under the action of both forces

we then have .
/ 2
)\,>‘\/‘>\.0 + w2,

(By frequency is here meéant the so-called circular frequen-
cy, or 2m times the number of vibrations per second,)
With the addition of a comnstant for taking into account the
shape of the blade, this inequality, which yields the lower
limit, has already becn suggosted as an approximate solu-
tion -for the true frequoncy. (Southwell and Gough, "On tho
Frcc Transverse Vibrations of Airscrew Blades.," British
A.,R,C. Reports and Memoranda No., 766, 1921.) Comparison
with the above-determined upper limit shows that, the com-
plete consideration of the shape of the wing and of the ‘
line of bend (which varies with the revolution speed) con-
siderably diminishes the distance between the upper and
lower limit, The inequality then takes the form :

A >A/xJL N® + g WP,

in which X; and X; are functions which contain the char-
" acteristic parameter of the wing shape and which can be cal-
culated once for all for any given shape on the basis of the
‘general law, The details are given in the already frequent-
ly mentioned report of Liebers.

If it id also found that the thus calculated natural
frequency is not greatly affected by the aerodynamic forces
and an after calculation yields, in fact, this result for
the usual present-day types, the first part of the problem
is solved, at least for one degree of freedom, namely, the
determination of the vibrational characteristics of a re-
volving propeller blade. The vidbration number of this com-
ponent, for a nonrotating propeller, is generally X, v, =
25 - 40/s, and increasos according to the formula

——,\/Xl U02+Xa n®
in which n denotes the number of revolutions per second,

In 1ike manner calculations could also be made for
the torsional vibrations., Since we know in advance, how-
ever, that the effect of the centrifugal force is small on
torsional -frequencies of the higher order, we can .assume
that theé torsional ‘frequency, determined experimentally
with the propeller at rest, closely approximates that of
the revolving propeller, The frequency of the torsional
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is generally 150 Hertz or more.

The most disagreeable of these components is the bend-
ing (on the stand) with the low fregquencies of 25 to 40 s,
which are therefore of the same order of magnitude as the
torsional frequoncies, Tho condition for resonanco often
occurs when thoere are two disturbances during every revo-
lution, As tiue revolution specd increasos, the effoect of
the contrifugal force is to increase the natural frequency
of this vibration., In Figure 2, the natural froequeoncy is
plotted. against the revolution specd for two examples: I,
a rolatively thin metal propellor; II, a still more yiold—
ing propeller model, '

Increasing the natural frequency has the advantage of
increasing the rovolution spoced at which resonanco occurs,
No resonance can bo produced by any disturbance of the
same fregquency as the revolution spcod, if tho propeller
has a certain rigidity and no joints., It will be seoon,
however, that in the chosen oxample, any disturbance, oc-
curring twico during a rovolubioD..comos intod resénanco
witI—tHG bending vibration at.relatlvely low revoldtion
§peeds,The double disturbance per revolution, however, oc-
ﬁﬁdﬁ?ﬁﬁlte frequently, e.g., when a propeller revolves,
either boefore or behind the wing, so that each blade passes
by the wing twice per revolution, Moreover, it is known
that the resonance region is widened by the increase in the
natural frequency of the centrifugal force, since if the
"supercritical®” region is rcached by increasing the revolu~-
tion speed, the natural froequency also increases, though
not in the samec decgrce,

5. Apparatus for Observing the Vibrations

A rotating prism or rotoscope P (fig. 3) is mounted
in front of the propeller with its rotational axis in the
same straight line as the rotational axis of the propeller,
This prism is driven by a motor ¥ synchronized with the
propeller shaft., The rotation of the propeller is elimi-
nated for the obsorver by the rotation of the prism. To a
person loocking through the rotoscope, the propeller appears
statlonary and perpendicular to the surface of the propel-
ler diske. Not much can be accomplished in this way, for
the most imnortant deformations (bending vibrations perpen-
dlcular to the propeller disk and torsional vibrations)
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produce motions of the blade in the direction of observation
and hence difficult to recognize, This difficulty can be
overcome by mounting a mirror S (fig. 3) on the propeller
shaft In such a way that it shows the observer looking
through the rotoscope, the image of the propeller as it would
appear if he were looking along the blado from the shaft,

The rotoscope is so located, with lenses in front of it or

at a suitable distance, that onc observes only the mirror,

I{ several cross sections are marked by a white line, the
deformations undergone by these cross sections can then be
observed, Since the vibrations are generally much too rapid
for ovservation with the naked eye, they are recorded dy a
special rapid motion-picture camera., This moethod proved very
successful, though there was difficulty in obtaining a strong
erougn light, With the aid of the D.V.lL. photographic sec-
tion, however, this difficulty was so far overcome that it

_ gave satisfagtory rosults with the rather slow propellers
usod, :

6. Rosonance botwecn the Disturbing Impulses

and the Bending Vibrations

This arrangement serves to show whether the above method
for calculating the natural frequency agrees with the facts,
For this purpose a propeller was made with a cross-sectional
and inertia moment as simple as possible for purposes of
calculation. Theoe experiments show that the calculation of
the natural froquency of rotating blades agrees excellently
with the exporimental results, They show, moreover, that
when the disturbing impulses are in resonance with the natur-
al frequency, vibrations of large amplitude result, which
fact hardly needs confirmation, however, if the detormination
of the natural frequency is found to be corrocct,

It has therefore been satisfactorily demonstrated that
this is a possible kind of vibration which probadbly plays an
important role in practice. In the practical application of
these results, it might often be quite difficult to obtain
Just the right degree of rigidity to avoid the danger of
resonance, Since, in addition to the variations in the flow
with one or two impulses per revolution, there are also dis-
turbances due to the engine, the working stroke of a six-
cylinder four-stroke engine, ¢«Z., gives throe impulses,
According to theo construction of the airplane, wo often have
to roeckon with still other vibrational froquoncies due to
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the disturbance of the air stream by the struts, etc,
7. Resonance between Disturbances and Torsion

Thero are often still other vibrations which cannot bo
explalnod as boanding vibrations, and this ;urnishcs the rea-
son for investigating the possibility of torsional vibra-
tionse, .In consideration of the fact that the natural fre-
quency of thesc vibrations is so high as to be a multiple of
. 6 to 15 times the rotational spoed, wo are tempted to as-

'sumc that no resonance éccurs, since no such dis turbance is
probable., Even such high frequencies occur, however, for
oxample, in the after one of tandem propellors. If this
propeller revolves in the direction oppos1te to that of tho
forward propeller, as is ¢ustomary, and has the Same TeDeMa,
the after propeller encounters, during each revolution,
twice as many vortex layers as tho forward propoller, i.0a,
8 per revolution with a four-blade propeller.’ Thus a field
is eutered which must lie far beyond the critical period
for the bvending vidbrations, but which has a possibility of
resonance for torsional vibrations., Perhaps this is why
such pushor propellers afford special difficulties.,. In the
field of large anglos of attack, there are still other pos-
sibilitios connocted with the phonomena of vortex formation,

8+ Another Possibility of Torsional Vibrations

There is another possible way in which large amplitudes
can be imparted to hlnh-frequoncy vibrations, In the im-
pulscs acting on an aircraft propeller, we are not dealing
with forces and moments which have a simple harmonic course
like that of a simple sine function of the time. In a fow
cases the impulses may have such a courso, C.Z., & propeller
above the wing, as disturbed by the circulation about the
wing, In other cases, howover, we have to deal with brief,
impulsive effects; for exnmple, when the propeller Ddlade
passes through the boundary layer of the wing or cloae to
the Front of a landing-gear strut or test stand., " In such a
case, the same phenomenon'as in resonance, namely, a contin-
ual increase in the amplitude, always occurs where the nat-
ural frequency is any intezral mu1tlplc of the impulse fre-
quencys. .The case is similar to that of a swing which is
given a push at eveory second or third swing. Dlsrogardlnﬂ
the damping, continually incroasing amplitudes can thus bo
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produccd, since oncrgy is imparted to the vibrating systom
at cvery second or third vibration and nono taken away.

iiorcovor, it is obvious that a brief impulsive disturb-
ance can cven then produce large amplitudes, although this
condition is not fulfilled, if the impulse is strong enough,
Tho propeller is then struck and continues to vibrate until
it receives another impulse. It appears that both these
casos occur in practice and produce cxcossive stresses in
aireraft propellers.

I7 t2is surmiso is correct, the wholc problem is thus
gshifted iz the direction tnat, on the one hand, the dis-
tursing immulses nust be investigated with rospect to their
tomnoral coursc and the magnitude of the forccs and noments
produced by the disturbing impulses, On the other hand, it
would e nccessary to detormine for the blade itself the
innor domping, as likewise the amount of cnergy the airplanc
is capable of absorbing. Next to the desirable investiga-
tion of tac c¢ffect of the camber on the vibration character-
istics, these questions are the most inportant,

9. Sumnary

In conclusion it may be said that a fow phonorena of
this kind have bean satisfactorily explained and that suffi-
ciently simple and reliable criteria can be given for avoid-
ing certain kinds of vibration, With increasing knowledge,
however, the wnole problem becomes more difficult and com-
preaensive, In order to solve the practically important
cases within the near future, investigation must be restrict-
ed to definite phenomcna. After a general idea of the prob-
lom has been gained, the most important task scems to con-
sist in the further development of the experimental investi-
gation mothods, in order to be able to detcrmine, for pro-
pellers which aave shown vibrations, the nature and causes
of tixc vibrations. nly in this way does it seen possible
to gain an insight into the problems concerning which we can
now only resort to surmises,

Translation by Dwight il. iiiner,
TJational Advisory Committee
for Aeronautics,
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